Purpose: More accurate assessment of prognosis is important to further improve the choice of risk-related therapy in neuroblastoma (NB) patients. In this study, we aimed to establish and validate a prognostic miRNA signature for children with NB and tested it in both fresh frozen and archived formalin-fixed paraffin-embedded (FFPE) samples.
Introduction
Given the clinical heterogeneity of neuroblastoma (NB), accurate prognostic classification of patients with this tumor is one of the major challenges to improve the choice of risk-related therapy. Clinical experience with the currently used risk stratification systems suggests that the stratification of patients for treatment is useful (1) . Nevertheless, patients with the same clinicopathologic and genetic parameters, receiving the same treatment, can have markedly different clinical courses.
On the basis of the assumption that differences in outcome are mainly driven through underlying genetic and biological characteristics, gene expression studies have been undertaken to detect new prognostic markers and to establish gene expression-based classifiers for improved neuroblastoma patient care. Recently, we established a messenger RNA (mRNA) gene expression classifier and validated the performance of this classifier in 2 independent patient cohorts (2) . However, we could clearly show an adverse effect of poor RNA quality on the performance of the 59-mRNA classifier (3) .
Recently, an important class of small noncoding RNAs (ncRNA) regulating mRNA expression, termed microRNAs (miRNA), have been shown to be implicated in various cancers, including NB (4, 5) and are known to be less sensitive to RNA degradation processes. Here, we set out to conduct an in-depth study on an unprecedentedly large cohort of primary untreated neuroblastoma tumors to unequivocally establish the possible prognostic power of miRNA classifiers. To this purpose, we tested and validated the performance of a 25-miRNA prognostic classifier in 3 independent patient cohorts including both fresh frozen and archived formalin-fixed paraffin-embedded (FFPE) material.
Materials and Methods

Patients and tumor samples
The first train-test cohort consisted of 230 NB patients (27 from Ghent, Belgium, 54 from Essen, Germany, 31 from Valencia, Spain, 43 from Dublin, Ireland, and 75 from Amsterdam, the Netherlands). Patients were only included if primary untreated NB tumor RNA (at least 60% tumor cells and confirmed histologic diagnosis of NB) was present. All patients provided consent and were enrolled on at least one study: International Society of Paediatric Oncology, European Neuroblastoma Group (SIOPEN), the Gesellschaft fuer Paediatrische Onkologie und Haematologie (GPOH), the Children's Oncology Group (COG-United States) study, Dutch Childhood Oncology Group (DCOG, Amsterdam) or the Our Lady's Children's Hospital (Dublin). The median follow-up was 68 months (range 8-197 months), and was greater than 36 months for most patients without an event (114/139 ¼ 82%). At the time of analysis, 156 of 230 patients were alive. All patients were treated according to similar protocols.
The validation cohort consisted of 304 patients from the COG: including 128 cases with an event and 189 patients without an event, with at least 36 months of follow-up. All laboratory analyses were done blinded to clinical and outcome data. All patients provided consent and were enrolled on at least one COG study, and all participating institutions had Institutional Review Board approval to take part in the COG studies. The FFPE validation cohort (43 samples from Gdansk, Poland and 33 samples from Valencia, Spain) contained 28 cases with an event and 47 cases without an event. Eighty percent (42/52) of the patients that survived had at least 36 months of follow-up.
This study was approved by the Ghent University Hospital Ethical Committee (EC2008/159).
miRNA expression profiling
Total RNA was extracted in different national reference laboratories using a silica gel-based membrane purification method (miRNAeasy kit, Qiagen) or by a phenol-based method (TRIzol reagent, Life Technologies) according to the manufacturer's instructions. As published earlier by Wang and colleagues, there is a high correlation in miRNA expression between protocols that are based on the phenol/ chloroform procedure (6) . Therefore, we do not expect an effect of RNA isolation method on miRNA expression results. A separate extraction protocol was applied to extract total RNA from the FFPE cohort (MasterPure RNA purification kit, Experion) according to manufacturers' instructions. For fresh-frozen samples, reverse transcription (starting from 20 ng of total RNA) and miRNA expression profiling of 430 human miRNAs was done as described earlier (7) . For FFPE samples, reverse transcription was done using 60 ng of total RNA. Samples from both validation cohorts (fresh frozen and FFPE material) were only profiled for the selected set of 25 prognostic miRNAs. Data normalization was done using the mean expression of 4 selected stably expressed reference miRNAs (hsa-miR-125a, hsamiR-99b, hsa-miR-423, and hsa-miR-425) according to Mestdagh and colleagues (8) . The data sets from the different centers were independently standardized (mean centered and autoscaled; ref. 9). miRNA expression data and clinical sample annotation are available in rdml-format (10; Supplementary File S1-3).
mRNA expression profiling
Expression analysis of 59 prognostic mRNA genes was done according to a procedure described elsewhere (2) . In brief, qRT-PCR was used to measure 59 prognostic genes and 5 reference sequences. Real-time qPCR was done in a 384-well plate instrument (CFX384, Bio-Rad). Biogazelle's qbase PLUS software was used for data analysis (normalization, error propagation, inter-run calibration). Results were standardized (mean centered and autoscaled). mRNA
Translational Relevance
Through one of the largest miRNA expression studies on patients, we have developed and validated a miRNA expression signature that is predictive for neuroblastoma patient outcome. This 25-miRNA signature allows to identify a cohort of neuroblastoma patients with increased risk for adverse outcome, independent of current clinical, and molecular risk factors. Importantly, this classifier conducts equally well in archived (formalin-fixed paraffin-embedded) material as in fresh frozen samples. Moreover, it allows to further stratify patients within the current high-risk population and as such identifies neuroblastoma patients that are at ultrahigh-risk. In a comparative analysis, we show that our reported 25-miRNA signature outperforms previously published miRNA signatures in terms of accurate patient classification. Our results were validated on 2 independent patient cohorts and indicate that the use of miRNA expression signatures can substantially improve risk stratification of neuroblastoma patients, especially within the current high-risk population. Improved patient classification is expected to result in more appropriate selection of therapeutic regimens. expression data are available in rdml-format (Supplementary File S1).
Statistical analysis
For data analysis, the tumor samples were divided into a training set and a test set. The training set consisted of 51 samples randomly selected from 2 patient subgroups with maximally divergent clinical courses: 24 low-risk patients with INSS stage 1, 2, or 4S without MYCN amplification and with progression-free survival (PFS) time of at least 1,000 days and 27 deceased high-risk patients older than 12 months at diagnosis with INSS stage 4 tumor (irrespective of the MYCN gene status) or with INSS stage 2 or 3 tumor with MYCN amplification.
Univariate logistic regression analysis was used to select the top 25 miRNA genes with prognostic relevance in NB, that is, the miRNAs with the lowest P value in a model testing miRNA expression levels (below or above the median expression) versus overall survival (OS).
The 25 miRNA and 59 mRNA expression signatures were built using the same training set, tested on the remaining 179 samples, and validated in a blind manner on the validation cohort of 304 COG samples.
For the test cohort, the R-language for statistical computing (version 2.9.0) was used to train and test the prognostic signature using the Prediction Analysis of Microarrays (PAM) method (11; Bioconductor MCR estimate package; 12), to evaluate its performance by receiver operating characteristic (ROC) curve and area under the curve (AUC) analyses (ROCR package), and for Kaplan-Meier survival analyses (survival package). Multivariate logistic regression analyses were done using PASW Statistics (version 18). Currently used risk factors such as age at diagnosis (!12 months vs. <12 months), International Neuroblastoma Staging System (INSS) stage (stage 4 vs. not stage 4), and MYCN status (amplified vs. not amplified) were tested, and variables with P values less than 0.05 were retained in the model. Because an interaction between the signature and risk factors was not expected to occur, interaction terms were not included in the models. For ROC and multivariate analyses, only patients with an event and patients with sufficient follow-up time (!36 months) if no event occurred were included, because 95% of events in NB are expected to occur within the first 36 months after diagnosis. Survival analysis was also done in high-and low-risk subgroups. Low-risk patients are patients with INSS stage 1 or 2 without MYCN amplification, whereas high-risk patients are patients with INSS stage 4 tumor (irrespective of the MYCN gene status) or with INSS stage 2 or 3 tumor with MYCN amplification.
A case-control study was set up to validate the signature in the COG cohort. This was done to ensure a sufficient number of events in each risk group-that is, to increase the power from what would have resulted from a random sample. Failure (cases) was defined as relapse, progression, or death from disease (PFS), and death (OS) within a 3-year follow-up period, and control defined as nonfailure in the first 3 years of follow-up. Controls and cases with complete data were selected in a 2:1 ratio to increase the sample size and power. Multivariate logistic regression analyses were done to determine whether the signature was a significant independent predictor after controlling for known risk factors. Statistical analyses were done with SAS (version 9). The final logistic regression model used 50 cases and 100 randomly selected controls with complete data for PFS and 37 cases and 74 randomly selected controls with complete data for OS.
Results
Establishment of a prognostic miRNA signature
To establish and train a prognostic miRNA signature, we used miRNA expression data from 24 low-risk patients with a long PFS time and 27 deceased high-risk patients. Using the top 25 miRNAs with the highest correlation with OS (Table 1) , a 25 miRNA expression signature was built. Further in the text, we will refer to this signature as a molecular indicator for low or high risk separating patients with low versus high risk.
Validation of the prognostic 25-miRNA signature
This 25 miRNA expression signature significantly distinguished the remaining 179 patients of a first cohort of NB patients with respect to PFS and OS (P < 0.0001; Fig. 1 ). PFS 5 years from the date of diagnosis was 84.3 (95% CI: 77.3-92.0) for the group of patients with a molecular indicator for low risk, compared with 37.2 (95% CI: 27.4-50.4) for the group of patients with a molecular indicator for high risk. The 5-year OS was 91.0% (85.1-97.2) and 44.5% (33.8-58.7) in the low and high molecular risk groups, respectively.
Subsequently, we tested the signature within the group of low-risk NB patients with localized disease treated with surgery alone or in combination with mild chemotherapy and within the commonly defined high-risk group based on the different current risk stratification systems (Europe, United States, and Germany; ref. 13) . Patients with increased risk for disease progression or relapse could be identified in both current low-and high-risk groups (P ¼ 0.014 and P ¼ 0.0037, respectively). Although the signature was also useful in identifying those patients at increased risk for death in the current high-risk group (P ¼ 0.0015), there was no difference in OS between patients with a molecular indicator for high and low risk in the current low-risk group (Fig. 2) .
Multivariate logistic regression analysis including the miRNA signature, MYCN status, age at diagnosis and INSS stage, revealed that the miRNA prognostic signature is an independent marker for both PFS and OS in the global cohort as well as in the high-risk subgroup (Table 2 ). Within the low-risk subgroup of patients the miRNA classifier was shown to be an independent predictor for PFS ( Table 2) .
The probability that a patient will be correctly classified by the signature based on a ROC-curve analysis (AUC) was 78.1% (95% CI: 70.1-86.2) and 77.1% (69.1-85.1) for OS and PFS, respectively. The signature predicted OS with a sensitivity of 83.0% (39/47) and a specificity of 73.3% (74/101).
To validate the miRNA signature in a second completely independent patient cohort, 304 COG tumors were tested in a blind manner. The same signature as used for the test cohort identified COG patients who were at greater risk for progression or relapse. Multivariate logistic regression analysis including the miRNA signature, MYCN status, age, INSS stage, ploidy, International Neuroblastoma Pathology Classification (INPC), grade of differentiation, and mitosis karyorrhexis index (MKI) showed that the miRNA signature was an independent significant predictor for PFS (OR 3.861, 95% CI: 1.431-10.417). This was not the case for OS where the final logistic regression model involved only INSS stage and ploidy (Table 3) .
The miRNA signature was also validated in 75 FFPE samples. miRNA profiling was successful for 23 of the 25 miRNAs in these archived samples. Prediction analysis using a 23-miRNA signature revealed comparable results as with the fresh frozen material. The signature successfully distinguished patients with good and poor outcome (P < 0.01; Fig. 3 ). Given the rather small cohort of samples, we did not substratify the patients in low-and high-risk groups based on the applied treatment protocols. However, multivariate logistic regression analysis was applied including the miRNA signature, MYCN status, age at diagnosis, and INSS stage and showed that the signature is an independent predictor for both overall and event-free survival ( Table 5) .
Comparison of the performances of the prognostic miRNA signature with the prognostic 59 mRNA signature
To establish the prognostic value of this 25-miRNA signature in relation to our recently published 59-mRNA signature (2), we compared performances and prognostic power through survival analysis and multivariate analysis including both miRNA and mRNA signatures along with other currently used risk factors on a common set of 122 test samples. Although, in a multivariate analysis, the 59-mRNA signature is an independent prognostic factor for both overall and PFS, the 25-miRNA signature is an independent prognostic factor for PFS but not for OS (Supplementary  Table S1 ). Multivariate analysis including both signatures together with other currently used risk factors suggests that the 59-mRNA signature is an independent predictive factor for both overall and PFS whereas the 25-miRNA signature was not (Table 4) . A possible explanation for this observation is the fact that the variation in mRNA expression was significantly higher than the variation in miRNA expression ( Supplementary Fig. S1A , Mann-Whitney, P < 0.0001) in the tested patients, possibly allowing for a more robust separation between groups. When comparing the expression fold change between deceased patients and patients that are alive, we indeed observe a significantly higher fold change for mRNA genes as compared with miRNA genes ( Supplementary Fig. S1B , Mann-Whitney, P < 0.0001). To exclude the possibility that we have established a suboptimal miRNA classifier, we compared its performance with that of 2 published miRNA classifiers (14, 15) and could show that both classifiers are less performant than the 25 miRNA classier, and hence also do not outperform the 59 mRNA classifier (Supplementary Table S1 ).
Discussion
Molecular risk classification of NB patients based on gene expression profiling is expected to contribute significantly to improved NB outcome prediction with the ultimate aim of tailoring the treatment to the severity of the disease. To this purpose, several mRNA gene expression classifiers were previously developed (2, 13, (16) (17) (18) (19) (20) (21) . Given the fact that a single miRNA, targeting several mRNAs, may have broader effects than a single mRNA and that miRNAs are less sensitive to RNA degradation than mRNAs, miRNA classifiers might present with certain advantages compared with mRNA classifiers. In this article, we successfully developed a miRNA signature that was subsequently validated in the largest NB series till now containing both fresh frozen and archived FFPE material. Importantly, we show the ability of the signature to identify patients at ultra-high risk with respect to disease outcome within the current high-risk NB 
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To prove the robustness of a given signature, it should be validated under conditions that simulate the prospective broad clinical application of the assay and that reflect the various potential sources of assay variability, such as tissue handling, RNA extraction method, patient ethnicity, and treatment with other drugs. In this study, we conducted an external validation study on a completely independent cohort of COG patients whereby laboratory analyses were done blinded to clinical and outcome data. Also in this validation set, the signature was found to be a statistically significant independent risk predictor.
For the miRNA expression profiling, we used a highthroughput quantitative PCR-based stem-loop RT-primer method (7) along with a universally applicable data normalization method that had been successfully validated in our lab (8) . Advantages of this method over the microarray technology are the higher cost-efficiency (definitely when measuring a 25-gene set), the shorter time to results, and the higher sensitivity (hence need of less input material). The use of a sample preamplification method enabled the maximization of the number of tumor samples available for this study through collaborative studies with international research laboratories; every laboratory could readily provide 100 ng of RNA. This is important, especially for pediatric cancers as biopsies are often very small and the material available limited. The use of a PCR-based method will definitely contribute to the development of a prognostic test that can be implemented in the clinic.
Another important aspect for implementation of assays in the clinic is the type of starting material. In contrast to Table 2 . Multivariate logistic regression analysis in the first test cohort including all patients, the low-risk patients, and the high-risk patients Variables tested in the model were miRNA predictor and age. 
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48 (8) 27 (15) 48 (10) 26 (17) or the interpretation of the meaning of the individual genes included in the expression signature and clear biological elucidation might be more difficult to achieve than accurate classification (22) . However, the presence of many genes implicated in NB biology in our recently published prognostic 59-mRNA signature (2) suggests that among the 25 miRNAs in the present signature a significant portion may also be of direct biological relevance and may offer new opportunities for molecular therapy. As it is, all but one member of the mir-17-92 cluster is part of the prognostic signature. These miRNAs play a role in different tumorigenic pathways such as angiogenesis, cell adhesion and migration, cell-cycle regulation and proliferation, and negative regulation of apoptosis (23, 24) . Furthermore, 16 of the 25 miRNAs are MYC/MYCN driven (25) . Mir-26a and miR-125b are potential targets for therapy as they are highly expressed in all normal tissues, are known tumor suppressor miRNAs and candidates for replacement therapy (26) . Gene ontology analysis of the 25 miRNAs using the miRNA body map (www.miRNAbodymap.org) showed a significant enrichment of GO terms for cell cycle, immune response, cell adhesion, and neuronal differentiation (Supplementary Table S2 ). Similar gene ontology classes are enriched in the 59 mRNA gene set pointing at common biological processes that are represented by these prognostic classifiers. Furthermore, target analysis showed that several of the 25 miRNAs target one or more of the 59 mRNA genes (Supplementary Table S3 ). Further functional studies are required to show the possible mechanistic relevance of some of the 25 miRNAs in NB pathogenesis. From these data, it is clear that the miRNAs in our signature not only allow for a significant classification of patients with respect to good or poor prognosis but also seem to be associated with multiple key cancer pathways and might therefore be interesting targets for therapeutic intervention.
In conclusion, the results obtained from this study clearly illustrate the power of miRNA expression analysis in the risk classification of NB patients using both fresh frozen and archived tumor material. Importantly, the applied method and signature are suitable for routine laboratory testing worldwide. 
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